Abstract. Theoretical descriptions of three-nucleon systems, which are based on a summation over pairwise NN interactions, fail to describe existing data. For instance, the binding energy of the triton is underpredicted as well as the unpolarized cross section in pd elastic scattering around θ cm 100 AE . It has been demonstrated that the inclusion of a three-nucleon-force, which has been adjusted to reproduce the measured binding energy of the triton, also reduces the discrepancy of the calculation with the measured cross section. In the case of many spin observables -the most notorious being the analyzing power in nd scattering below 10 MeV ("A y puzzle") -inclusion of any one of the modelled three-nucleon-forces does not explain the data. Several precise data sets of spin observables exist between 100 MeV and the pion production threshold. A theoretical description of the three-nucleon system must be able to reproduce all spin observables simultaneously.
INTRODUCTION
In general, a three-body interaction does not simply consist of the sum of pairwise interactions. Instead, the addition of a third object to an existing pair alters the potential between the two objects. A well known example is the three-body problem in astronomy, which deals with the gravitational interaction between sun, earth and moon. In this case, the three-body force arises from the tidal deformation. In the nuclear case, the excitation of an intermediate state is analogous to the tidal effect.
Nuclear properties are fairly well explained in terms of pairwise interactions. Therefore, the effects of a three-nucleon force are expected to be small. Evidence of the existence of a three-nucleon force comes largely from studies of the bound 3N system. 2N calculations fail to reproduce the measured binding energy of the triton. Inclusion of a three-nucleon force increases the calculated binding energy from 7.6 to 8.5 MeV, in agreement with the measured value. Similarly, the calculated charge radius and D-to S-state ratio of the triton disagree with the measured values by 10% unless a threenucleon force is included in the calculation.
The three-nucleon system is described by so-called Faddeev equations [2] , which can be solved exactly. Although the original equations were formulated in 1961, only recent advances in computing speed made it practical to solve them at energies higher than a few MeV. The importance of a three-nucleon force is assessed in the following way. First, a Faddeev calculation is performed using a 2N potential alone. The use of different 2N potentials such as CD Bonn or NijmegenI,II results in an error band for the 2N prediction. In the case of the triton binding energy variation of individual phases within a reasonable range does not reproduce the measurement. Then, other Faddeev calculations with the inclusion of different 3N potentials are performed and compared to the data. Sometimes, as in the case of the triton binding energy, the agreement with the data is improved.
So far, three 3N force models have been used in the context of Faddeev calculations: the Tucson-Melbourne force (TMF) [3, 4, 5] and its modified, chirally symmetric form (TMF') and the Urbana IX 3NF [6] . The TMF is based on meson exchange and virtual ∆ excitation. The Argonne 3NF contains a phenomenological short range interaction. None of the Faddeev calculations at energies above the deuteron threshold contain the Coulomb interaction. Also, the calculations are non-relativistic. There are also attempts to describe the 3N system by models based on chiral perturbation theory and on quark models [7] . The minimum requirement of these calculations is usually that they describe the bound 3N system. For a comprehensive review of both the data base and the theoretical decription of the 3N system see [8] 
SPIN EFFECTS AT LOW ENERGIES
Interest in the three-nucleon system first arose in the sixties. The Coulomb interaction is important at low energies, but is not yet calculable above the breakup threshold. Therefore, experimental results in nd scattering are desirable. However, pd scattering is experimentally much easier than nd scattering. Therefore an early experimental goal was to compare pd and nd scattering at energies below 20 MeV [1] . On the theoretical side, Faddeev calculations even at energies below 20 MeV were not feasible until the late eighties when increased computing speed allowed such calculations up to j=2. Concurrently, interest in low energy pd and nd scattering was renewed and several data sets for nd, pd and dp scattering [9, 10] 
ENERGIES UP TO THE PION PRODUCTION THRESHOLD
Since Coulomb effects decrease with energy, but three-nucleon effects, which are dominated by virtual ∆ excitation, increase with energy, experimental and theoretical efforts turned towards p+d reactions at energies above 100 MeV but below the pion production threshold at 200 MeV. Faddeev calculations at these energies are converging if j 5. They do not contain any relativistic effects.
Groups at KVI, RIKEN and IUCF are actively persuing programs to measure spin observables in pd scattering. At KVI angular distributions of the proton analyzing power (A p y ) have been measured at 108, 120, 135, 150, 170 and 190 MeV [11, 12] . The data are compared to Faddeev calculations with and without three-nucleon force. Calculations using either the AV18, CD-Bonn or Nijmegen I,II 2N potential do not reproduce the measured angular distributions of A p y . If the Urbana IX, TM or TM' three nucleon force is included, the calculated angular distributions change, but the agreement with the data does not improve. After including a 3NF in the calculation the diffenence between data and theory is as large as +/-0.15 at θ cm 90 AE .
At RIKEN a program is under way to measure spin observables with either vector or tensor polarized deuteron beam. Angular distributions of differential cross section, deuteron vector analyzing power (A d y ) and deuteron tensor analyzing powers (A xz , A xx and A zz have been measured at 140, 200 and 270 MeV incident deuteron energy [13] . Again, the data are compared to Faddeev calculations using different 2N potentials (AV18, CD-Bonn or Nijm I,II,'93) alone and with either the Argonne or the TucsonMelbourne three-nucleon force included. While the theory reproduces the cross section data quite well after including either of the two three-nucleon forces, it fail to provide an adequate description of the tensor analyzing power data. In fact, the χ 2 of the difference between data and theory increases in the case of A xx and A yy after the three-nucleon force is included. A double scattering experiment to measure K y ¼ i j and P y ¼ was performed at RIKEN [14] as well. At IUCF a program has been recently completed to measure spin correlation coefficients in pd elastic scattering at 135 and 200 MeV incident proton energy in pd elastic scattering as well as in dp breakup at 270 MeV incident deuteron energy. In conjunction with previous measurements, the data from IUCF at 135 MeV constitute the most comprehensive set of spin observables at any one energy to date.
SPIN-1/2 ON SPIN-1 OBSERVABLES
For a comprehensive discussion of the formalism pertaining to spin correlation measurements and definitions of observables see [15] .
Either one or both of beam and target may be polarized along one of three directions x,y,z, where x denotes the horizontal, y the vertical and z the longitudinal axis of a cartesian coordinate system. For vector polarized deuterium, 15 polarization observables are conceivable, just by counting the number of combinations of beam and target polarization. Some of them, like the longitudinal analyzing power, are forbidden in a two-particle final state due to parity conservation while others are redundant, since they can be obtained simply by rotation of the coordinate system about the z-axis. In total, seven spin observables exist for elastic scattering; namely the proton and deuteron analyzing powers A p y and A d y and the spin correlation coefficients C xx . C yy , C zz , C zx and C xz .
If the deuteron is tensor polarized, one can identify 20 combinations of beam and target polarization, cases where the proton is unpolarized included. Of these combinations seven are related to others by rotation around the z-axis, and three are forbidden by parity conservation for a two-particle final state. The remaining observables are the three tensor analyzing powers A xx , A yy and A xz , and the seven spin correlaton coefficients C xx y , C xy x , C xy z , C xz y , C xz z , C yy y and C yz x .
In summary, 17 polarization observables exist for p d elastic scattering. Out of those, 15 have been measured at IUCF. The target was a 145 mm long and 12 mm diameter storage cell made from 0.05 mm thick aluminum. Polarized deuterons were produced in an atomic beam source (ABS) [16] . and injected into the target cell. The target thickness was 10 13 atoms/cm 2 . The aluminum was teflon-coated in order to avoid wall depolarization.
The target was either purely vector-or purely tensor polarized. Since the target was operated in a weak magnetic field in order to minimize orbit distortions, the theoretical maximum vector and tensor polarizations were +/-2/3 and +/-1 respectively. The spin alignment axis of the target was cycled between horizontal, vertical and longitudinal at 2s intervals. When the target was tensor-polarized, two additional orientations of the holding field were added to the sequence. For these orientations, the horizontal or vertical field coils were energized simultaneously in order tilt the spin alignment axis at 45 AE . This is necessary to generate a target with a t 21 tensor moment.
The outgoing proton and deuteron from elastic scattering were detected in coincidence. The forward going particle (either p or d) was detected in a stack consisting of a ∆E scintillator, two wire chambers and two stopping scintillators. Laboratory angles up to 45 AE were covered. The recoil was detected in the so-called silicon barrel, an array of eighteen silicon strip detectors surrounding the target cell. The silicon detectors were oriented such that they measured the azimuth of the recoil. Fig.2 shows the silicon barrel surrounding the target cell. The alignment fixture which holds the cell at the feedtube is also visible in Fig.2 . The detector arrangement provides almost complete coverage of the angular distribution.
Normalization
Both beam and target polarization have to be known in order to determine analyzing powers and spin correlation coefficients.
The target polarization is normalized to known vector and tensor analyzing powers at 135 MeV [13] . At 200 MeV no precise measurements of deuteron analyzing powers exist. The only available data [17] at that energy have large errors. Therefore, the calibration standard at 135 MeV had to be transported to 200 MeV. The target polarization does not change during an energy ramp of the beam and can be determined at 135 MeV prior to the energy ramp. Then, after the beam energy ramp is complete the target asymmetry is measured at 200 MeV with the same beam. Thus, the analyzing power at the higher energy is calibrated by this procedure. Calibration of the /it beam analyzing power was achieved by acquiring a data sample with a mixture of unpolarized hydrogen and deuterium in the target cell. This way, asymmetries from pp and pd scattering are measured concurrently. Since the analyzing power for elastic pp scattering is known at 135 and 200 MeV, the beam polarization can be determined at both energies. The analyzing power for pd scattering is then obtained by dividing the concurrently measured pd asymmetry by the beam polarization.
In order to determine the longitudinal beam polarization, the atomic beam source was operated with a mixture of hydrogen and deuterium gas. When the ABS was operated with the gas mixture, the RF transition units were turned off, since efficient transitions could not be made for hydrogen and deuterium at the same time. Without the RF transition units, the sextupole system polarizes hydrogen and deuterium to maximum values of P z´h µ=1/2 and ( P z´d µ=1/3, P zz´d µ=-1/3 ) respectively. Since the spin correlation coefficient C zz for elastic p p scattering is known, the longitudinal beam polarization is determined. 
Azimuthal dependencies
If one writes down the general spin-dependent cross section [15] , one sees that the spin observables have characteristic azimuthal (φ ) dependencies. For instance, the tensor analyzing power varies with cos´2φ µ or the tensor spin correlation coefficient C xy x varies with sin´3φ µ. By cleverly combining countrates such that certain φ dependencies cancel while others are retained, different observables can be isolated. For example, if one averages over all target polarizations one retains only terms that depend on the beam analyzing power. Nearly complete azimuthal coverage of the detector system allows one to then determine A p y by fitting a cosine function to the φ distribution. Fig.3 shows examples of azimuthal distributions for vector (three upper rows) and tensor (three lower rows) target poalrization at 135 MeV. The columns correspond to horizontal, vertical and longitudinal spin alignment axis of the target. Counting from the top, the first and and fourth row contain terms proportional to the beam polarization only. The second and fifth row contain terms proportional to the target polarization only and the third and sixth row contain terms proportional to the product of beam and target polarization. φ distributions like those shown in Fig.3 are fitted for each center-of-mass polar angle bin.
Preliminary results
The amplitudes of the trigonometric functions used to fit the φ distributions are used to extract the spin dependent observables as a function of the center-of-mass angle.
Figs. 4 and 5 show preliminary angular distributions of analyzing powers and spin correlation coefficients at 135 and 200 MeV respectively. Since the absolute calibration of the observables is still preliminary, the vertical scale has been omitted. The spin correlation coefficients C x z and C z z can only be measured using longitudinally polarized beam. No data were taken at 200 MeV with longitudinally polarized beam. One of the spin correlation coefficients (C y y at 200 MeV) has been measured previously using an optically pumped polarized deuterium target. This experiment was also performed at IUCF [18] .
D P BREAKUP AT IUCF
An experiment to measure spin observables in dp breakup at 270 MeV incident deuteron energy was also completed using the PINTEX facility. This experiment was performed in reverse kinematics to maximize the acceptance of the existing forward detector stack ( 50%). For the trigger, we required two charged particles in the forward detector shown in Fig.1 . The silicon barrel was not used. The target in this case contained polarized hydrogen and its polarization direction was cycled between the horizontal, vertical and logitudinal direction. The Cooler was filled alternatingly with tensor-or vectorpolarized deuterons, or with unpolarized deuterons. Although data were taken with both beam and target polarized, the first goal is to extract the longitudinal analyzing power A p z from the data. Unlike in a two-body final state, A p z is allowed by parity conservation. In fact, it can be shown [19] that axial observables such as A z are sensitive to spin operators that occur in 3N potentials but not in 2N potentials. A previous measurement of A z at 9 MeV [20] showed that A p z is very small ( 10 3 ) as predicted by a Faddeev calculation. In contrast to that, Faddeev calculations predict that A p z is sizable ( 0.1) at 270 MeV incident deuteron energy. At this point the data are under analysis, however, there is already clear evidence of a non-vanishing longitudinal analyzing power in pd breakup.
CONCLUSIONS
Advanced experimental techniques that employ stored beams and internal targets have resulted in precise data for pd elastic scattering and breakup. A large body of high quality data between a few MeV and the pion production threshold is available. Faddeev calculations up to the pion production threshold are now feasible due to increased computing speed. There are discrepancies between the data and Faddeev calculations regardless of whether a three-nucleon force is included or not. More importantly, Faddeev calculations that are based on different two-nucleon forces exhibit differences among each other that are large compared with the experimental uncertainties.
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